ABSTRACT In order to obtain an integrated structure achieving controllable circular polarization and laser output at 1310 nm, the gain and loss microcavities, magnetic microcavity, and metal layers are used to form a compound structure system, and the 4 × 4 transfer matrix is used to study transmission characteristics of the structure. The strong Faraday rotation effect and gain transmission modes are found through external pump energy, which leads to a circular polarization laser output. The output of circular polarization laser can be controlled by the modulation of external magnetic field. The structure can be functioned as a magnetic switch of circular polarization lasing.
I. INTRODUCTION
The circular polarization laser transmission has very little variation in atmospheric environment. Its performance is not affected by the relative motion of two communication terminals due to the rotational symmetry of a circular polarization light. Therefore, it can reduce the difficulty of technology implementation and has high feasibility. In this case, it has important applications in the field of mobile communication terminal and free space optical communication. In addition, circular polarization light can store information state in both intensity and polarization, which can double the communication bandwidth in optical communication systems [1] , [2] .
In general, ordinary semiconductor lasers can only produce linear polarization beams with a fixed direction. If a circular polarization laser beam is needed, large and expensive optical devices such as polarizers or wave plates have to be placed in the transmission path. In order to reduce the cost and volume of the circular polarization laser equipment, the researchers placed a plasmonic nanometer structure in the laser output interface. The propagation direction, intensity and phase of each direction of the surface plasmon can be controlled by the designed plasmonic nanometer structure, which can generate the light with needed polarization state [3] . However, the design is quite complex because the laser generation and the polarization state control are two separated processes, and
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it involves with nanofabrication. In Ref. [4] , to obtain π 2 phase difference from the output of the two antenna arrays, the two sets of antennas (left and right) are cross oriented and vertically shifted by 21 µm. By adjusting the relative emission intensities from the two antenna arrays, this structure can be continuously tuned from linear to circular polarization. However, the light amplification and polarization modulation are performed separately. If one structure can simultaneously achieve the light amplification and polarization modulation, the complexity of design can be undoubtedly reduced. The functionalities of device are dependent on materials and the structure design. In recent years, metamaterials open a new door of material and device design [5] - [9] . On the other hand, optical Parity-Time (PT) symmetric structures with specific distribution of gain and loss materials have also shown unique advantages in the design of optical devices and optical manipulation. For the technology difficulties of traditional photon device design, some new solutions based on PT symmetric structures are provided [10] - [19] , such as optical switch [13] , highly sensitive sensor [14] , laser absorber [15] , [16] , optical isolator [17] , [18] , Radio energy transmission [19] , etc. The spatial distribution of refractive indexes for PT symmetric structures needs to satisfy the condition that the real part and the imaginary part are even symmetry and odd symmetry respectively. A pair of coupled microcavities whose refractive indices satisfy the complex conjugate condition are a common PT symmetric system. In addition, the optical properties of magneto-optic films have been widely studied [20] - [25] . Inoue et al demonstrated that the Faraday rotation effect can be enhanced by doping the magneto-optic medium defects in one-dimensional photonic crystals, and the optical isolation function can be realized. In general, the magnetooptic effect of the materials is very small. In order to improve the magneto-optic effect, the researchers combine the magneto-optic effect with the metal surface plasmon, which is called ''magnetoplasmonics'', using their mutual modulation to design active plasmonic devices [25] - [29] . Surface plasmonic resonance (SPR) enhances the internal electromagnetic field intensity of magneto-optic materials so that the magneto-optic effect can be increased by one order of magnitude.
However, most of these structures can not realize gain amplification. To obtain a structure that can simultaneously achieve amplification and circular polarization output, we may construct an integrated structure which combines PT symmetric structure and ferromagnetic materials. The compound structure is based on a coupled system of gain and loss microcavities, metal surface plasmonic resonance and magnetic microcavity. Although the existence of metal layers breaks the PT symmetry condition, the coupled microcavities and metal plasmon can still produce super resonance mode under the condition of specific matching parameters, which greatly enhances the Faraday rotation effect. In particular, it can simultaneously realize laser amplification and circular polarization output by controlling external magnetic field. As a result, a circular polarization lasing output is achieved through magnetic switch.
II. MODEL AND METHOD
As shown in Fig. 1 , the one-dimensional layer structure is distributed along the z axis and extends infinitely in the xoy plane. The structure is expressed as DADBDCD, in which layers D, A, C are composed of metal, gain and loss materials, respectively, and defect layer B is composed of magneto-optic material. The thickness of each layer is expressed by
respectively, and the total thickness is L. The metal layers are served as the reflected walls to form cavities. The conjugated gain and loss layers A and C can lead to the amplification transmission. The defect layer B can make a polarization rotation. All the combined layers can achieve unique optics properties. For layers D, the permittivity and permeability are expressed as D = 1−ω 2 ep /ω 2 , µ D = 1, where ω ep is an effective frequency of metal plasma. In design, we use ω ep > ω to keep D negative. Due to negative D , all the electromagnetic waves within layers D are evanescent waves, and the plasmonic resonance is formed on the metal surfaces. The dielectric constants of layers A and C are A = h −iρ A and C = h +iρ C , respectively, in which h is the dielectric constant of the base material, and ρ A and ρ C denote the gain and loss coefficient, respectively. If ρ A = ρ C , layers A and C become conjugate microcavities. Although the system does not satisfy the PT symmetry condition due to the presence of metal, it can still generate light amplification and Faraday rotation enhancement effect under the interaction of metal plasmonic resonance.
There are several numerical methods to study the transmission properties of layered structures including multilayer model [30] , spectral dyadic Green's function [31] and scattering matrix [32] . Each method is suitable for some specific models. The multilayer model is better to study the surface waves and the corresponding cloaking behaviors. The spectral dyadic Green's function can deal with the tridimensional electrical sources arbitrarily located in the dielectric substrate. The scattering matrix has the advantages in calculating the transmission spectra of layered structures. For the current layered structure with magneto-optical material, the change of the polarization directions for the light in it is the main feature. Thus the 4 × 4 transfer matrix method is the best way to study the transmission and polarization properties of the structure. The electric field is polarized in any direction in the xoy plane, and the plane wave with angular frequency ω propagates in the direction of z axis. The electromagnetic wave can be expressed as follows:
+ E y e y e i(k z z+ωt) (1) where e x and e y are unit vectors along the x and y axis. The fundamental equations of light are given by Maxwell's equations:
When the direction of magnetization is also along the z axis, the dielectric tensor ε of the magneto-optic medium can be expressed as:
The value of σ is dependent of the magnetizations and tunable. For the metal layers, we set
To solve Eqs. (2) and (3), it is convenient to use a state vector defined as
Here, e x(y) = ε 0 E x(y) and h x(y) = E x(y) /c represent the components of the electric field and the magnetic field on the x and y axes, respectively. ε 0 is the vacuum dielectric constant and c is the light velocity in the vacuum. Taking Eq. (4) into Eq. (2) and Eq. (3), we obtain the following differential equation
For layer B composed of magneto-optic media,
For layers A, C and D,
and D). Eq. (5) has the following general solutions [33]
here a i is the eigenvector corresponding to eigenvalue λ i . Eq. (6) can be written as
where
Eq. (7) can be written as
is called 4 × 4 transfer matrix, and l denotes dielectric layer, z and z denote the two interfaces of layer l. The state vector at incident interface V (z = z 0 ) and at exit interface V (z = z 0 + d) follow the relation
Let the incident electromagnetic wave be linearly polarized along the x axis. In this paper only the relative change of the electromagnetic field intensity is considered, thus the amplitude of the incidence electric field can be assumed to be a dimensionless value of 1, and the state vector of the incidence electric field at z = z 0 is [1, 0, 0, 1] T . The total state vector in the exterior space z < z 0 is given by the sum of the incident wave and the two orthogonal reflected waves as (10) In the exterior space z > z 0 + d the total state vector is given by the sum of the two orthogonal transmitted waves as
The values of C 1 − C 4 are related with the amplitudes of the reflected and transmitted waves. We can solve the values of C 1 −C 4 just by taking Eq. (10) and (11) into Eq. (9) . Through the values of C 1 −C 4 , we can determine the polarization state of reflected and transmitted light. V is a 4 × 1 matrix. Its two-components are V (1) = E x e iϕ x , V (2) = E y e iϕ y . If there is no magneto-optic medium in the structure, only diagonal element occurs in the H matrix of Eq. (5), and the polarization state of the electromagnetic field does not change. That is, the incident electric field polarized in the x direction does not produce an additional electric field polarized in the y direction. Under the magneto-optic effect, the incident electric field of x-polarized will produce the electric field of y-polarized. The combination of two orthogonal electric fields will result in the change of state of outgoing polarizations, which is the Faraday Effect. The strength of the Faraday Effect is dependent on the magnitude of the polarized electric field along the y-axis.
III. RESULTS AND ANALYSIS
The structure (DADBDCD) is shown in Fig. 1 . Through the design of metamaterial, the values of ω ep and σ can be adjusted properly [34] , [35] . We first take the structure parameters:
035, ε h = 1.5. In the above structure, the metal layers form reflected walls of cavity, and the electromagnetic wave is reflected on its surface. The value of ω ep determines whether the coupled cavity modes can be excited. The current value can be achieved through the metamaterial design and has been properly chosen to excite the modes. Therefore, layers A, C, and B form coupled microcavities. We first take ρ A = ρ C = 0 and plot the amplitudes of electric field components E x (|E x |) and E y (|E y |) of the transmission, as well as the phase differences φ( φ = φ x − φ y ) of E x and E y in Fig. 2 . It is clear that |E x | and |E y | have four distinct transmission peaks at the same wavelength. Furthermore, we notice that |E x | has an additional large peak in the middle of the other peaks. The large peak value is close to 1 meaning a perfect transmission. At the large peak, the peak of |E y | is close to zero and φ is equal to π . Therefore, no Faraday Effect occurs at this peak. There is only an output of linear polarization at this position. The value of ρ is determined by the intensity of external pumping rate. As ρ increases, the peak values will also increase but the number of peaks will decrease. The threshold value of ρ to achieve the amplification output is 0.045. The results of ρ A = ρ C = 0.053 are shown in Figs. 3(a), and 3(b) . The values of |E x | and |E y | are 62 at 1313.3nm, and φ = 1.5π , which means that the input light is amplified and transformed into the circular polarization. However, this wavelength is not used in practical optical communication and the amplification is still too weak. In order to obtain the communication wavelength 1310nm and stronger laser output, we optimize the structure parameters by steps. We change d B = 793nm, σ = 0.02586, and keep the other parameters the same as those in Fig. 3 . Through increasing ρ(ρ A = ρ C ) by steps, the obtained |E x |, |E y | and φ are shown in Fig. 4 . For ρ = 0, |E x | have five peaks with the largest peak in the middle, whereas |E y | have four peaks with the same wavelength as the corresponding peaks of |E x |. Through checking the phase differences of E x and E y , we find that the four peaks are elliptical polarization but close to circular polarization, while the middle peak of |E x | corresponds to a linear polarization. As ρ increasing, there is an energy transfer between the peaks. For ρ = 0.035, five peaks of E x still occur but with large difference in amplitude. The two larger peaks are formed with approximate circular polarization. For ρ = 0.056, the two peaks of |E x | on the left have been merged into one peak and the case is the same for the two peaks on the right. At the same time, the middle peak disappears gradually. With the further increasing of ρ, all the peaks of |E x | and |E y | have been merged into one rising peak. When ρ is up to 0.06177, the merged peak attains the maximum value 4200 at the same wavelength λ = 1310.0002nm. The Q value of the mode reaches 1.4 × 10 7 . In this paper we focus on the wavelength 1310nm at which both |E x | and |E y | are up to 1421 and have the exact phase difference φ = 1.5π. Thus not only the output amplitude surpass 10 3 , but also the output state is a standard circular polarization. When ρ is still increased, the peak value will decrease. In order to show the evolution of polarization state with ρ, the output polarization states corresponding to the left peaks 1-4 in Fig. 4 are plotted in Fig. 5 in which the dashed lines are standard circles. We can conclude that with the increasing of ρ, the peak value increase greatly and the polarization state is more close to circular polarization.
The mode merging with the increasing of ρ is the unique feature of PT-symmetry cavity coupled system [36] . Here we give a simple explanation. Based on the coupled-mode theory, a coupled mode equation with the three couple cavities can be constructed. With small ρ, the equation leads to five real solutions of eigenfrequancies. Layers A and C can lead to two real solutions (two resonance peaks), respectively, because the left and right circular polarizations have different optical thicknesses in them. As ρ increasing, some of real solutions become complex values which leads to the mode movement and merging [36] , [37] . The mode merging in the PT-symmetry cavity coupled system can lead to an extraordinary amplification transmission [37] , which also occurs at the current system.
In real application, the controlling of the output of polarization state is more important. In current structure, the tunable parameters are the gain or loss efficient ρ and the external magnetic field (σ ). The modulation of ρ will lead to the change of mode wavelength. Because we focus on a fixed wavelength in this study, only the magnetic field modulation is considered. The magnetic field modulation can be achieved through changing the value of σ , i. e., the non-diagonal dielectric tensor of layer B. We plot the 3D plots of |E x | and |E y | versus σ and wavelength (λ) using the structure parameters in Fig. 4 , and ρ = 0.06177. From Figs. 6(a) and 6(b), we can see two isolated peaks of |E x | and |E y | at λ = 1310nm, and σ = 0.02586, that is to say, there is only one mode at 1310nm under a certain condition of external magnetic field. To show the modulation function of the external magnetic field, we plot the output values of |E x | and |E y | with the change of σ at 1310nm in Fig. 7 . It is interesting that the huge peak of |E x | and |E y | in Fig. 7(a) with the same value of 1421 both occur at σ = 0.02586. The two electric field components just have a phase difference φ = 1.5π shown in Fig. 7 (b) . Furthermore, away from σ = 0.02586 the output quickly drops to zero. Thus, the external magnetic field can function as an output switch of circular polarization lasing. To make the result close to real occasion, we make an evaluation that how much the external magnetic field is required to achieve σ = 0.02586. The used layer B in this paper is close to the real magneto-optical medium ferrofluid.
in which ω c = eB/m * and the other parameters are defined in Ref. [38] . Through the given parameters in Ref. [38] , we find that σ = 0.02586 corresponds to B = 68T. Thus the required magnetic field to achieve the switch is about 68T.
In order to analyze the transmission mechanism, we calculate the field distribution within the structure for the peak frequency in Fig. 6 basing on the transfer matrix method.
The field values are expressed as E 2
x + E 2 y . The results are shown in Fig. 8 (a) (solid line) . The field distribution shows a clear resonance effect of coupled cavities of layers A, C and B. The conjugate microcavities A and C can convert the external energy into electromagnetic energy, which leads to a super strong transmission peak. On the other hand, due to the coupled resonance, the energy transfer from the gain microcavity A to the loss microcavity C has to go through layer B and leads to the enhancement of the interaction between electromagnetic field and magnetic material. In the magnetic microcavity, because the magneto-optic effect produces the non-diagonal element of the dielectric tensor, the original electric field E x can induce the vibration of the magnetic field in the same polarization direction, and the induced magnetic field further induces additional electric field (E y ) vibration perpendicular to the original electric field (E x ). On the condition of intense coupled resonance, the two orthogonal electric field vectors can form a circular polarization. To verify the calculation results, a frequency domain simulation based on a finite element software COMSOL is also performed. For the one-dimensional structure, we use a rectangle as the simulation space. In the x direction, we use the periodic boundary condition, and on the two sides of the model in z direction we set two ports of input and output, respectively. The frequency of the input port is taken as the peak frequency in Fig.6 . The ratio of the total electric field value E x 2 + E y 2 and the source field is also plotted in Fig. 8(a) (circle line) . We can find that the results of the calculation and the frequency domain simulation are in well agreement with each other. Furthermore, to demonstrate the output of circular polarization, we plot the one-dimensional instantaneous field distributions for E x and E y , based on the simulation, respectively, in Fig. 8(b) . In the output free space, the waves of E x and E y have the same amplitudes and wavelength, and the interval of their nearest antinodes is just λ/4 meaning a phase difference of π/2. Thus the output is exact a circular polarization.
Compared this structure with conventional lasers with external optics to generate circularly polarized beam, the current structure has combined the lasers and circular polarization into one component, which has decreased the device volume and the complexity of design. Furthermore, this structure has been added a functionality of switch. The design and performance just meet the request of future photonic device.
IV. CONCLUSION
In this paper, the lasing amplification and circular polarization output are simultaneously realized through a magnetic switch from a designed structure composed of two conjugate microcavities and a magnetic microcavity. The reason for the amplification of the structure is that the external pump provides energy to the gain medium under mode resonant conditions. The change of polarization state is due to the enhancement of the interaction between the electric field and the magnetic field in the magnetic microcavity under the transfer of energy between the gain and the loss microcavities. Therefore, based our study, a new device that achieves compound functions, such as circular polarization, lasing and switch, can been designed in the future. The unique structure may find its applications in mobile and free space optical communication. The magnet-dependent performance can also make it served as a sensor of magnetic field. It should be point out that the current design is a tridimensional structure which is difficult to be integrated into the photonic circuit. The device performance is limited to the special wavelength. With the development of metamaterials, artificial 2D metasurface materials with peculiar electromagnetic properties may be used to achieve the device performance in the future and can help to overcome the drawbacks of bulky volume and narrow working bandwidth.
